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Abstract 
 
This thesis explores the various aerodynamic aspects of the box-wing design – a non-planar aircraft 
configuration, which under certain conditions, displays reduced induced drag. The box-wing is similar to a 
biplane with wings that are joined at the tips by endplates, forming a box structure when viewed from the front.  
As an unconventional planform, the fundamental capabilities and characteristic of the box-wing differ 
significantly from those of the conventional monoplane.  
Despite a recent increase in research focused on efficiency improvements utilising non-planar systems, 
including the box-wing, little of this has focused on application to small aircraft. Small, in the context of this 
thesis, being a maximum takeoff weight not exceeding fifty-seven hundred kilograms. In order to gain a great 
understanding of the potential for the reduction of induced drag of such aircraft, three interconnected 
investigations have been conducted.  
To conduct these investigations, a combination of analytical simulation and parametric analysis utilising vortex 
lattice method (VLM) are used. To assess the specific induced drag advantage of the box-wing configuration, a 
comparison aircraft is selected for reference. The geometric constraints of the reference aircraft are applied to 
the new box-wing, and the resulting aerodynamic characteristics are compared with those of the base aircraft. In 
the case of the third investigation, using parametric analysis within VLM, it was first necessary to create and 
validate a model of the reference aircraft. 
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Introduction 
 
The expansion of the aviation industry since the first powered flight at Kitty Hawk, Carolina is almost 
unprecedented. The first era of aviation (experimental) began with the first successful flight conducted by the 
Wright brothers in 1903, and concluded in 1909 with the crossing of the English Channel by Blériot in the Type 
XI monoplane [1] – a period of only 6 years. Aviation has since developed from an experimental and military 
pursuit, to a vitally important economic driver. The total economic impact of the aviation industry, as of 2014, 
was approximately US$2.7 trillion – 3.6% of global gross domestic product (GDP) [2].  
This incredible expansion has required a constant push for improved aircraft efficiency, both for 
economic, and more recently environmental, reasons. An often cited study by Schneider [3] showed that a 1% 
reduction in drag for a modern commercial aircraft would result in a saving of 400,000 litres of fuel per year. 
Such a saving constitutes both an economic and environmental imperative for improved efficiency.  
The European Commission, in European Aeronautics: A Vision for 2020 [4], sets out specific 
requirements for future civil aircraft. They concluded that aircraft in the coming decades would have to produce 
fewer noxious emissions, be quieter, and have reduced direct operating costs. In addition, aircraft of the future 
should be capable of operating from current airports as well as meeting other safety and security preferences. 
The environmental improvements set forth by the European Commission are in accordance with the reductions 
recommended by the Intergovernmental Panel on Climate Change [5], and the hopes of the International Civil 
Aviation Organisation.  
Increased aircraft efficiency, since the 1960’s, has come from a combination of improved engine 
technology, enhanced structural aerodynamics, and new materials. Modern aircraft, for example, are 70% more 
efficient than aircraft of the 1960’s [5]. Industry led efficiency improvements are likely to continue into the 
future, however, the conventional airframe configuration appears to be reaching an efficiency plateau [6]. As the 
required efficiency improvements cannot come completely from engine and aircraft material improvements, 
new means must be pursued. The box-wing (PrandtlPlane) concept is a non-planar aircraft concept that may 
offer a solution. 
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Detailed in Ludwig Prandtl’s 1924 publication, Induced Drag of Multiplanes [7], the box-wing can 
theoretically reduce the induced drag and increase the lifting capacity of a given system. The box-wing may also 
be referred to as the PrandtlPlane, the ‘best-wing-system’, or simply as a variant of joined-wing. As detailed by 
Prandtl [7], as the number of offset vertically separated lifting surfaces tends towards infinity, the induced drag 
of the system tends towards zero. As it is not reasonably possible to implement such a system, a solution is to 
connect the tips of two vertically offset lifting surfaces with endplates. This lifting system will be the focus of 
this work. 
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Literature Review 
 
This literature review contains a small portion derived from one of the authors previously published works. 
Understanding Box Wing Aircraft: Essential Technology to Improve Sustainability in the Aviation Industry was 
coauthored by Mathew Marino, Glen Baxter and Graham Wild, and was published in the journal Aviation, Volume 
19, Issue 2, 2015 [8].  
 
 
The box-wing is a non-planer lifting system concept, created by the German aerospace engineer 
Ludwig Prandtl, which theoretically exhibits reduced induced drag [7, 9]. The system distributes lift equally 
across two lifting surfaces, which are joined laterally at the tips by panels. These panels, which can be 
considered to be symmetrical wings, are arranged so that “the upper portion is subject to outwards pressure and 
the lower portion to inward pressure” [7]. From the front view, such a system appears as a box, giving source to 
the informal name ‘box-wing’. In theory, under the correct conditions, this system will exhibit the minimum 
induced drag for a given span. Prandtl began working on the problem of minimum drag before 1922, and along 
with others, developed an understanding of the emerging field of study. In Induced Drag of Multiplanes [7], 
published by the National Advisory Committee for Aeronautics (now NASA), Prandtl proposed the new lifting 
system, referred to as the ‘best wing system’. The system is often referred to as a PrandtlPlane; both in 
reference to Prandtl, and to differentiate from other closed-wing systems.  
In The Minimum Induced Drag of Airfoils [10], Munk described the conditions to meet in order to 
achieve minimum induced drag. The requirements being, as described by Frediani [9], “the velocity induced by 
the free vortices is constant along the two horizontal wings and identically zero on the vertical side wings”. 
Munk [11], in General Biplane Theory described a relationship between the two wings, as well as the effects of 
stagger on a biplane.  Prandtl’s later theory was based upon this understanding of induced drag, and multiplanes 
theory (biplanes and triplanes), and how these theories relate to monoplanes. Prandtl described that amongst all 
biplanes there must exist one with minimum induced drag, that being a system wherein lift is distributed 
equally between the two wings. This system has lower induced drag than that of the best monoplane, for a given 
wingspan. Moreover, amongst all triplanes there exists a system with reduced induced drag, as compared to the 
biplane (for the same total lift and wingspan). It follows that the addition of more wings will cause a similar 
reduction to the induced drag. As the number of wings approaches infinity, induced drag tends toward zero. As 
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the number of wings increases, this theoretical multiplane cannot be practically implemented, the practical 
compromise being Prandtl’s “best wing system”. This lifting system (Figure 1), according to Prandtl, exhibits 
the same induced drag as that of the theoretical multiplane. There are a number of conditions that must be met 
in order to achieve this reduction, and satisfy Munk’s theorem.  
 
 
 
Figure 1 - Simplified drawing of the 'best wing system'. Taken from Prandtl [7] 
 
The efficiency of the system, as explained by Prandtl, based upon the work of Munk, is highly 
dependent upon the gap-to-span ratio, wherein the gap is the distance between the two horizontal lifting 
surfaces. This relationship was expressed by Prandtl to be between 0.1-0.3, though the closed form solution 
given by Frediani, Montanari and Pappalardo [12], as outlined by Frediani [9], put the ratio at 0.1-0.2. 
Moreover, the best efficiency can only be achieved when lift is correctly distributed. Frediani describes the 
optimal lift distribution as resulting from “…the superposition of a constant and an elliptical part and, over the 
vertical wings, is butterfly shaped”, as shown in Figure 2.  
 
 
Figure 2 - Lift distribution on the PrandtlPlane. Taken from Frediani [9] 
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Prandtl’s research conceptualised the ‘best wing system’; however, the Induced Drag of Multiplane 
failed to specify the method for evaluating the improved efficiency. An accurate, closed form solution was 
proposed by Frediani et al. [12] 65 years after Prandtl’s original paper. Frediani and co-workers identified that 
for low gap-to-span ratios Prandtl’s theory was sufficiently accurate, but was insufficient for higher ratios. 
Figure 3 shows a comparison between Prandtl’s results and those of Frediani et al.  
 
Figure 3 - Comparison between Prandtl's results and the results of a closed form solution. Taken from Frediani et al. 
[13] 
 
The efficiency of the box-wing is highly dependent on the gap between the two horizontal wings, or 
more specifically, the gap-to-span ratio or h/b. Prandtl [7] first noted the importance of the gap-to-span ratio, 
identifying a ratio of 0.2-0.3 to be optimum. Frediani [9] refined this range, based on a closed form solution, to 
be 0.1-0.2 gap-to-span. When the ratio is equal to 0.2, Kroo [14] specifically noted the potential for a 30% 
reduction to the induced drag. Genco and Altman [15] also validated the importance of the gap-to-span ratio in 
optimising efficiency, and also noted improved lift coefficients. 
Since the conceptualisation of the box-wing, research interest in the concept has varied greatly. 
Although offering potential aerodynamic advantages, the introduction of the monoplanes and cantilevered 
wings dominated aerospace development throughout the 20th century. The broader group of aircraft to which 
the box-wing (PrandtlPlane) belongs, joined-wings, began receiving renewed research interest during the 
1980’s. Wolkovitch [16] patented the joined-wing concept, claiming a variety of advantages as compared to the 
traditional planform. The concept, as defined by Wolkovitch [17], combines tandem wings and a fin, forming a 
diamond shape in the front and plan view (Figure 4). Weight reduction and increased structural rigidity have 
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been claimed for joined-wing type aircraft [18]. Besides the aesthetic differences, there are substantial 
aerodynamic differences. As a core example, the joined-wing does not require equal lift distribution between 
lifting surfaces. Although the pure joined-wing and box-wing differ significantly, there are important parallels.  
 
 
 
Figure 4 - Transonic joined-wing model. Taken from Wolkovitch [19] 
 
Although the joined-wing concept became popular in the 1980’s with the work of Wolkowitch, 
research into the concept was being undertaken much earlier. The National Aeronautics and Space 
Administration [20] began investigating a “biplane composed of a sweptback and sweptforward wing joined at 
the tips”, with the objective of eliminating the pitch-up encountered on the sweptback wings of monoplanes. 
This investigation had a number of findings regarding aerodynamics, but importantly identified issues of 
considerably increased stress on the wings. Following on from this investigation NASA, in partnership with the 
Lockheed-Georgia Company, completed a study of the feasibility of a transonic biplane concept. Lange et al. 
[21], concluded significant reductions in induced drag compared to a monoplane with the same span. The study 
also concluded there was no reduction in ramp weight, and that the configuration exhibited symmetric and 
asymmetric flutter instabilities. As a directive for future research Lange et al. [21] recommended investigation 
of aircraft configurations operating at lower speeds, hypothesising avoidance of the weight penalties and flutter 
instabilities.  
 The dimensions of future aircraft, those being containment within an 80m × 80m box, were determined 
with the introduction to service of the Airbus A380. At introduction, expensive infrastructure upgrades were 
implemented to allow the A380 to operate safely, including the widening of runways and taxiways. These 
infrastructure upgrades have posed substantial cost reclamation issues for airport operators [22]. In this context, 
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the box-wing represents the potential for increased capacity within the envelope, as a result of split lift 
distribution. Frediani et al. [13] represented the viability of a box-wing aircraft with the capacity for 600 
passengers, contained within the existing limits of airport infrastructure.  
The ability of the box-wing system to increase capacity whilst utilising existing infrastructure, has led 
to the development of aircraft larger than the Airbus A380. Although these extremely large aircraft offer 
advantage, there is also opportunity to implement smaller variants. The development of box-wng aircraft 
comparable to the Boeing 767, in passenger capacity and range, has received substantial research focus. 
Schneider [3] represents that a 1% reduction in drag for a commercial aircraft would result in a saving of 
400,000 litres of fuel each year, and 5000kg of noxious emissions. Given that induced drag corresponds to 
approximately 40-45% of cruise drag for aircraft of this scale [23], there is an environmental and economic 
imperative to develop a mid-sized box-wing.  
Bottoni and Scanu’s [24] work on developing a 250 passenger box-wing, based largely on the work of 
Frediani, produced an adaptable geometry. This new aircraft was designed to meet the specification of the 
Airbus A330-200 and Boeing 767-200, whilst considering the requirement set by the European Commission 
[4]. The preliminary aerodynamic design of the new aircraft was produced by a parametric geometry generation 
through a geometry generation code, known as “Multibody Shape Design” or MSD. The geometry utilises a 
sweptback and a swept forward wing, joined at the rear via twin fins, and with two upper mounted engines. 
This geometry represents a theme in research, and specifically corresponds to the work of Fredianiet al. [23]. 
Having completed the preliminary design, the geometry was analysed using a commercial computational fluid 
dynamics (CFD) package. The results of Bottoni and Scanu work [24] suggest that the architecture shows 
promise, and has several distinct optimisation opportunities.  
The application of the box-wing to large and medium sized aircraft was shown by Frediani [25] to 
have many positive characteristics. Box-wing aircraft of this size and configuration have numerous 
aerodynamic, comfort and ground-operation advantages, compared to a conventional configuration. It was also 
concluded that there are safety benefits, including better pitch control and reduced vortex formation. In 
addition, the aircraft would be capable of carrying more cargo, or be configured to carry up to 600 passengers. 
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As a result of these capabilities, there are numerous economic benefits beyond fuel savings.   
Voskuijl et al. [26] investigated the feasibility of a 300 passenger box-wing aircraft. This investigation 
focused on the propulsion system and control systems of such an aircraft. An initial design for the aircraft was 
then created for use in the preliminary design of these systems. The result of this investigation was a box-wing 
aircraft with two conventional turbofan engines, mounted at the rear tail of the aircraft. In this investigation, 
like in most box-wing research, control surfaces are distributed across both wings. This configuration gives two 
advantages, as compared to a conventional aircraft. If the control surfaces are differentially deflected, ‘a pure 
moment can be created’ [26]. Alternatively, combined deflection of both control surfaces ‘allows the use of 
direct lift control’. The investigation also found that the box-wing aircraft exhibited good longitudinal control 
characteristics, though was slightly unstable under certain circumstances.   
Any commercially viable, and operator accepted aircraft, would have to utilise some form of high lift 
system. Iezzi [27] analysed the low-speed aerodynamics of a given box-wing; in relation to high lift systems. 
Firstly, a study of the current design was conducted to identify trends and guidelines in order to determine what 
was achievable. The ‘PP250’ concept, developed by Bottoni and Scanu [24], was a primary consideration of 
this paper. The requirements of the European Commission’s future aircraft, as set out in European Aeronautics: 
A Vision for 2020 [4], were also considered. A new set of tools and techniques for the prediction of 
performance and analysis of design modifications were consequently developed. 
The conclusions of Bottoni and Scanu’s research are positive, though it is clear that more research will 
be required. New methods for the analysis of box-wing aircraft were developed and validated. Analysis of the 
PP250 was undertaken, in order to improve stalling characteristics, with changes in wing washout being 
applied. The research also analysed the effectiveness of flap configurations, finding that the best configuration 
would be a single-slotted Fowler flap on the forward wing, and a double-slotted Fowler flap on the rear wing. 
Though this conclusion was found when analysing a large aircraft, it is possible that a similar result would be 
found for a smaller aircraft.  
Bottoni and Scanu [24] made a number of recommendations for future research, in relation to high lift 
systems, flaps and box-wings. One suggestion is further wind tunnel testing, to gather experimental data about 
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box-wings with flaps. Another suggestion is the investigation of box-wings at takeoff, due to potential 
reductions in drag. A further suggestion is that a box-wing, and conventional, aircraft be concurrently designed 
for the same mission, using the same tools. This would potentially show a more accurate comparison, and 
highlight any advantages of the box-wing concept.  
Van Ginneken et al. [28] presented a methodology for the design of the primary flight control surfaces 
for a fixed wing aircraft. The specific example explored was a box-wing aircraft, with a passenger capacity of 
300. The results show good handling characteristics, and much like Voskuijl et al. [26], suggests the possibility 
of pure pitching and direct lift control.   
Research into methodologies for the preliminary design of mid-sized box-wing is a continuing trend, 
with most preliminary research utilising a parametric design study format. Salam and Bil [29] use of low-
fidelity fidelity design tools, within a parametric design study, represents an effective methodology for use on 
unconventional designs. Within this work several core parameters were set, whilst analysing variable within 
realistic tolerances. The work of Salam and Bil, unlike some other research, did not double the aspect ratio by 
halving the individual wing area. This approach gives a better representation of the effect of the box-wing 
geometry, than the influence of other factors. As with Salam’s earlier work, extensive use is made of vortex 
lattice methods (VLM). Altman, as represented by Salam [30], expresses that vortex lattice methods are a 
sufficiently accurate means of evaluation, particularly when considering various aircraft configurations.  
The detailed development of a box-wing aircraft in the scale of an ultra-light aircraft, received some 
research attention through the IDINTOS project. Cavallaro et al.  [31], represent the preliminary design work of 
an amphibious box-wing.  This amphibious box-wing was designed using an integrated design methodology, 
including vortex lattice methods, computational fluid dynamics (CFD) modelling and scaled model testing. The 
work builds heavily on early project specific work by Frediani et al. [32]. The IDINTOS project is unique 
amongst box-wing design studies, as it is a completely new aircraft, and is not designed in direct comparison to 
any existing aircraft.  
The use of the concept within the GA category represents opportunity beyond efficiency. A box-wing 
of this scale could exhibit improved structural rigidity, reduced weight, and improved manoeuvring 
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performance and a pitch-down tendency during stall conditions. The work of Frediani et al. [23] on developing 
methodologies for a very large box-wing was, at the later stages of the project, applied to an ultra-light aircraft 
design. Though positive, Frediani [25] has concluded that more research is required for both small and large 
aircraft.  
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Chapter 1  
The Box-Wing 
Aerodynamic Considerations 
The section, Aerodynamic Considerations, is primarily taken from one of the authors previously published works. 
Understanding Box Wing Aircraft: Essential Technology to Improve Sustainability in the Aviation Industry was 
coauthored by Mathew Marino, Glen Baxter and Graham Wild, and was published in the journal Aviation, Volume 
19, Issue 2, 2015 [8].  
 
Span Wise Flow 
 
First we must think about how a wing develops lift [33]. As with all modern literature, we must 
dismiss the need to invoke the “equal transit time theory” (air travelling over the top surface must speed up to 
reach the trailing edge at the same time as flow travelling under the bottom surface). Instead, we simply note 
that the static air pressure over the top surface will be less than the static air pressure under the bottom surface 
(both will typically be less than atmospheric pressure, depending on the aerofoil shape). This pressure 
difference results in a net force lifting the aircraft upwards. 
If we have a net lift, we know we must have a lower pressure on the upper surface relative to the 
bottom surface. As a result, when we have wing tips, the pressure difference will result in flow from the lower 
surface to the upper surface around the wing tips. That is, typically we think of flow from the leading edge to 
the trailing edge, but flow can easily move around the wing tip as well. This concept is shown in Figure 5. The 
result of this is that the flow along the upper and lower surfaces will not be linear from the LE to the TE, but 
rather there will also be a span wise component of the flow. That is, on the bottom surface of the wing, air will 
tend to flow from root to tip, while on the top surface of the wing, air will tend to flow from tip to root [34]. 
 
  
 
Figure 5 - Tip flow for an aircraft wing when producing lift 
 
Figure 5 also highlights that the flow about one wing tip is the opposite relative to the other wing tip. 
To facilitate this condition, the flow in the middle of the wing must be neither flowing port nor starboard 
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relative to the aircraft. That is, the span wise flow, or flow along the wing span, varies from wing tip to wing 
tip. Figure 6 shows that the opposing span wise flow will result in a span wise component that is zero in the 
middle of the wing, and maximum at the tips. 
 
 
 
Figure 6 - Surface flow for an aircraft when producing lift. 
 
Wing Tip Vortices 
 
The rotating flow around the wing tips, coupled with the free-stream flow, results in a vortex. This 
flow is called a wing tip vortex. The span wise flow will also be a function of the lift generated. More lift means 
a greater pressure differential. This results in more span wise flow. The greater the span wise flow the larger the 
vortices will be [35]. Figure 7 shows an aircraft with visible condensation in the core of the wing tip vortices, 
giving a direct visual indication of their presence. 
 
 
 
Figure 7 - Condensation in the core of the wing tip vortices of an aircraft [36] 
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Induced Flow 
 
A result of the vortices from the TE and wingtips is the induced circulation of the flow along the chord 
giving a vertical component to the flow. This is upwash ahead of the wing, and downwash aft of the wing. The 
downwash behind the wing is such that a fixed velocity is imparted to the flow by a wing producing lift. 
The result of this induced flow is that the wing is actually in a relative flow that is inclined downward. So the 
angle of attack will not simply be the angle between the free-stream flow (far away from the wing) and the 
chord line of the wing. We now must consider the downwash effect, such that the angle of attack, as 
traditionally defined, is greater than the effective relative angle of attack (between the chord and local flow). As 
such a larger angle of attack is needed to provide the additional lift to make up for the downwash. 
 
Induced Drag 
 
The result of this induced flow is that the lift vector is now inclined at an angle, and only a vertical 
component is effective in the production of lift. So the horizontal component of the lift is pointing back, 
opposite to the thrust vector, hence this must be a drag component. This horizontal lift component is a drag 
component, and it is called induced drag (Di). It is the drag induced by the generation of lift from a finite wing 
[37]. This is shown in Figure 8. 
 
 
 
Figure 8 - Induced flow at the total angle of attack requires the aerodynamic force to be longer, increasing the length 
of the relative vertical component 
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Since induced drag is directly related to lift, then the coefficient of induced drag is related to the 
coefficient of lift. They are related by the induced angle of attack (αi). We can use the standard equation for an 
aerodynamic force, relating the wing surface area (S), dynamic pressure (q), and coefficient of the force. For 
induced drag this will be; 
 qSCD Di =  (1) 
 
Assuming we have a small induced angle of attack (αi), less than 10 degrees, we can use the small 
angle approximation. That is, in a triangle with a small angle, the longest side is approximately equal to the 
hypotenuse. From Figure 8, the triangle shown for the lift components relates the Lift force (Li) to the induced 
drag for (Di). Incorporating (1) we can use the corresponding coefficients in our trigonometric relationship, 
which gives; 
 iLDi CC αsin=  (2) 
 
For an elliptical wing, which will result in an elliptical pressure distribution, this becomes; 
 
AR
CC LDi π
2
=  (3) 
 
Recall that the aspect ratio (AR) is the ratio of the wing span to the chord length (AR = b/c). Combining 
Equations (2) and (3), which results, 
 
AR
CC LiL π
α
2
sin =  (4) 
 
Using radians for the angle the small angle approximation gives; 
 
AR
CL
i π
α =  (5) 
 
Equation 5 is important as it says that the induced angle of attack is directly proportional to the 
coefficient of lift (and hence angle of attack), and inversely proportional to the aspect ratio. That is, flight in 
high lift conditions with low speed will give a high induced angle of attack, and hence high induced drag, while 
high speeds will result in low induced angles of attack. Logically this makes sense, as the high lift conditions 
should result in the greatest amount of downwash. 
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Note that if we have an infinite wing, the AR will be infinite, so the induced angle of attack is zero for 
an aerofoil. Conversely, a very small wing span will have a small aspect ratio giving a large induced angle of 
attack. 
Induced Drag Factor 
 
The above description assumes a wing has an elliptical wing planform with a corresponding elliptical 
lift distribution, as shown in Figure 9. In general, if we have a wing that is not elliptical, then the coefficient of 
induced drag becomes [37]; 
 
eAR
CC LDi π
2
=  (6) 
 
where new term in the denominator is referred to as the Oswald Efficiency Factor (e). For most conventional 
wing geometries this will be less than or equal to 1 (e ≤ 1). For an elliptical wing it is equal to 1. As a result, an 
elliptical wing for a given aspect ratio will have the lowest induced drag, assuming we have a conventional 
monoplane. 
 
 
Figure 9 - Elliptical wing semispan with a corresponding elliptical lift distrubution 
 
As we are working with induced drag, which we are trying to minimise, the Oswald Efficiency Factor 
can be slightly confusing. That is, a larger Oswald Efficiency Factor results in less drag, since e is in the 
denominator. As such, it is more convenient to work with the induced drag factor (δ). When using this, the 
induced drag coefficient becomes [37]; 
 ( )δ
π
+= 1
2
AR
CC LDi  
(7) 
 
From (6) and (7) we can see the relationship between the Oswald Efficiency Factor and the induced drag factor 
is; 
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 ( )δ+= 11
e
 (8) 
Typically, the drag factor will be greater than or equal to 0 (δ ≥ 0). For an elliptical wing the drag factor is 0.  
 
Tapered Wings 
 
The previous discussion referred to the low induced drag of the elliptical wing planform, due to the 
induced drag factor of 0. For tapered wings, the induced drag factor varies as a function of the aspect ratio and 
the taper ratio (the ratio of the chord at the wing tip relative to the chord at the wing root). Figure 10 shows how 
the induced drag factor varies as a function of taper ratio and aspect ratio. 
 
 
Figure 10 - Variation of the induced drag factor as a function of the taper ratio, for aspect ratio. Adapted from 
Anderson [37] 
 
From Figure 10 we see that it is possible to have a quadrilateral semispan with a drag factor of 0; this 
occurs with an aspect ratio of 4 and a taper ratio of approximately 0.3. 
 
Non-planar Wings 
 
Now we can consider non-planar wing geometries. These configurations are shown in Figure 11. First 
we see that even a small change of the geometry in the vertical direction has an effect. That is, the upper left 
figure shows a wing with dihedral, with an induced drag factor of -0.029. This can be improved substantially if 
we go to wing tip modifications, as seen in the third left figure and the second, third, and forth right figures of  
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Figure 11. We can also see the benefit of a biplane structure, and hence the inspiration for Prandtl original 
investigation. This is then minimised with the box wing structure illustrated in the bottom right figure of Figure 
11. 
 
 
 
Figure 11 - Induced drag factor of multiple non-planar lifting systems, at h/b ratio 0.2. Adapted from Kroo [38] 
 
From Figure 11 we can see that the box wing has an induced drag factor of -0.32; that is, a 32% 
reduction in the induced drag. There will be a corresponding reduction in total drag, and therefore an 
improvement to lift-to-drag ratio. The overall consequence of implementing a box wing will be improvements 
in range and endurance, or reductions in fuel consumption. There is potentially also a greater wing volume, 
offering the potential for greater fuel storage, and a further possible increase to range and endurance. The other 
advantages of the box wing aircraft are that it has a conventional fuselage (eliminating structural issues 
associated with blended wing body aircraft), and this also means that conventional airport gates can be used 
without modification. 
 
Non-planar Concepts and Induced Drag 
 
In cruise, the induced drag of a large civil transport aircraft accounts for 40-45% of total drag [39]. 
For such an aircraft, a 0.5% reduction in drag would result in a saving of 200,000 litres of fuel per year, and a 
resultant reduction in noxious emissions of over two tonnes [3]. Induced drag is a smaller proportion of overall 
drag for GA aircraft, with parasite (profile, interference, friction) drag playing a more significant role. The GA 
fleet constitutes approximately 95% of the total aircraft fleet [40]. Furthermore, even a modest saving on an 
individual aircraft, once extrapolated to the large fleet, can have a significant impact.  
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It is possible to calculate the induced drag of a lifting surface by use of [37], 
 
 𝐶!" =  𝐶!!𝜋𝐴𝑅 1 + 𝛿  (9) 
 
where the aspect ratio (AR) is the ratio of the square of the wingspan, to the area of the wing. And the induced 
drag factor (δ), is used in preference to the Oswald Efficiency Factor. By examination of Equation (9), it can be 
seen that an increase in aspect ratio or a decrease in the induced drag factor, will result in a reduction in the 
induced drag coefficient. 
A reduction of the induced drag of 15% may be achieved, at constant lift and air speed, by a 15% 
increase in wingspan [41]. However, such an increase in the aspect ratio, in and of itself, will have significant 
structural and weight implications [42].  
For a conventional planar lifting system the induced drag factor will be greater than, or equal to, zero 
(δ ≥ 0). However, non-planar wing geometries are able to reduce the induced drag factor to below zero [14]. 
Given that a planar system is one contained in a single x-y plane, it can be noted that a dihedral wing is 
actually non-planar.  
A number of non-planar wing geometries are shown in Figure 11. It can be observed that even a 
small variation in the vertical distribution of the lifting surface[s] has an effect on the induced drag factor. A 
wing with a sufficient amount of dihedral can achieve an induced drag factor of -0.029. If the wing tips are 
significantly modified a substantial reduction is possible. The use of multiple lifting surfaces – a multiplane, or 
in its simplest form, a biplane, can significantly improve the induced drag factor. 
The induced drag of such a system is not simply the sum of the drags of two independent wings. 
Rather it is the sum of the drag of each wing as a result of the flow interference caused by its own self 
generated downwash, and the downwash of other surface. Equation 10 shows this concept, in the form of the 
calculation of the induced drag of an orthaginal biplane [7]; 
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 𝐷!"#$%&# =  1𝜋𝜌 𝐿!!𝑏!! + 2𝜎 𝐿!𝐿!𝑏!𝑏! + 𝐿!!𝑏!!  (10) 
 
The third term in Equation (10) represents the interference between the wings, where σ represents the 
specific biplane interference factor [43]; 
 𝜎 =  1 − 0.66 ℎ 𝑏1.05 + 3.7 ℎ 𝑏  ; 0.05 ≤ ℎ/𝑏!"# ≤ 0.5 (11) 
 
This interference, first described by Munk [11], exists as a mutual repulsive force that increases 
approximately as the angle of attack squared. This interaction results from interference between the circulations 
about each of the aerofoils; resulting in an increase in lift on the upper wing, and a reduction in lift on the 
lower. Where each aerofoil has equal circulation, this interaction will result unequal lift.  
For a total given lift, that being the sum of the lift of both wings, the minimum induced drag will exist 
when; 
 
 𝐿!𝐿! =  𝑏!(𝑏! − 𝑏!𝜎)𝑏!(𝑏! − 𝑏!𝜎) (12) 
 
where the system exists that spans are equal, and therefore the lift between the elements is equal, the minimum 
induced drag of the system is expressed as; 
 
 𝐷!!"# =  2𝐿!𝑏!𝑉!𝜌𝜋  ∙  (1 + 𝜎)2  (13) 
 
Therefore, for a biplane with an aspect ratio equal to that of a monoplane, the induced drag will reduce 
as a function of the second term. 
When a comparison is to be made between a planar (monoplane) and a non-planar (biplane) 
configuration of a given lifting system, the total wing area is the sum of the areas of each wing. Where the span 
of the wing is equal, the whole configuration aspect ratio is calculated by [14]; 
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 𝐴 =  𝑏!𝑆! + 𝑆! = 𝑏!𝑆  (14) 
 
The minimum induced drag factor observable in Figure 11 is that of the box-wing. The induced drag 
factor of the box-wing is -0.32, corresponding to an idealised reduction of the induced drag of 32%, at an h/b 
ratio of “0.2”. This would result in a proportional reduction in the total drag, and an increase in the lift-to-drag 
ratio for a given coefficient of lift.  
Prandtl first described the box-wing in the paper Induced Drag of Multiplanes [9], published by the 
National Advisory Committee for Aeronautics. The system is based on the understanding of biplanes and 
triplanes, and their relationship to monoplanes. Prandtl expressed that amongst all biplanes there must exist one 
with minimum induced drag, that being a system wherein lift is distributed equally between the two wings. 
This system has lower induced drag than that of the best monoplane, for a given wingspan. Moreover, amongst 
all triplanes there exists a system with reduced induced drag, as compared to the biplane (for the same total lift 
and span).  
It follows that the addition of more wings will cause a similar reduction to the induced drag. As the 
number of wings approaches infinity, induced drag tends toward zero. This theoretical multiplane cannot be 
viably constructed, the practical compromise being the box-wing. This configuration, according to Prandtl, 
exhibits similar induced drag to that of the theoretical multiplane.  
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Box-Wing Geometry 
 
The geometry of the box-wing aircraft configuration shares many of the characteristics of the biplane, 
and the majority of components are identical to those of a conventional aircraft. The presence of two wings 
requires the definition of additional parameters. The relative horizontal and vertical positions of the wings, as 
well as the difference in angle of attacks of the wings must be defined.  
The gap, or vertical stagger, of a box-wing is the vertical displacement of the primary lifting surfaces 
from one another, taken from the leading edges. Most often, this is represented as a ratio of the vertical 
displacement and the average wingspan (h/b ratio). The interference factor (σ), which represents the mutual 
interfere as per Equation (11), is highly dependent upon the height to span ratio (h/b).  
 
 
Figure 12 - Front view of a box-wing aircraft, showing height and span characteristics 
 
The stagger of a box-wing is the longitudinal distance, in the streamwise direction, of the wings. The 
distance is taken from the leading edge of each wing, and measured as a percent of the wing chord. The aircraft 
is identified as having a positive stagger when the upper wing is forward of the lower wing, and negative when 
the reverse is true.  
 
 
Figure 13 - Stagger and Decalage definitions 
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Where the wings of a biplane are staggered, the drag of the upper wing will be reduced by the upwash 
of the lower wing, per contra the drag of the lower wing is increased by precisely the same extent - the 
increase on the lower wing being the result of the downwash of the upper wing. These effects in combination 
result in identical total drag between the staggered and unstaggered systems. This effect is generally referred to 
as Munk’s stagger theorem, and holds that the streamwise location of the lifting elements of a multiplane does 
not affect the induced drag of the system [11]. 
In the majority of design studies [44] a negative stagger is used for transport category aircraft. The use 
of a negative stagger allows for a greater gap, by allowing integration of the rear wing with the vertical 
stabaliser.  
The decalage of the system is defined by relative angles of the mean wings’ chords. When the upper 
wing has a relatively higher angle of incidence, a positive decalage exists. This is not to be confused with 
monoplane decalage, which relates to the relative angle between the primary lifting surface and the 
empennage. Where a positive decalage exists, the upper wing will produce greater lift than the lower wing 
[45]. 
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Chapter 2  
The Design and Analytical Simulation of Applied Box-wing Geometries 
 
This chapter contains significant portions taken from two of the authors previously published works. Understanding 
Box Wing Aircraft: Essential Technology to Improve Sustainability in the Aviation Industry was coauthored by 
Mathew Marino, Glen Baxter and Graham Wild, and was published in the journal Aviation, Volume 19, Issue 2, 2015 
[8]. The Design and Simulation of an Unmanned Aerial Vehicle Using a PrandtlPlane Box-wing for Improved 
Performance was coauthored by Mathew Marino and Graham Wild, and was presented at the Asia-Pacific 
International Symposium on Aviation Technology, 2015 [46]. 
 
 
This chapter presents an introduction to the possible use of the non-planar lifting system to improve 
the efficiency of two small aircraft. Analytical simulations of the box-wing technology applied to reference 
aircraft are conducted; the first aircraft is an unmanned aerial vehicles (UAV), and the second is a light training 
aircraft. Using a comparative model, it can be shown that there are significant reductions in the thrust required 
and the power required for steady flight, compared with the baselines.  
 
 
The Unmanned Box-Wing Aircraft 
Unmanned Aerial Vehicles 
 
The increasing use of unmanned aerial vehicles (UAVs) in civilian, commercial and military 
situations, presents new challenges for the aviation sector. This continued increase in use, and requirements, 
presents unique engineering opportunities. These vehicles range in scale, from devices that fit in one’s hand, to 
aircraft weighing many tons [47]. The use of these vehicles varies greatly, particularly between industry sectors. 
Within the private sector “drones”, as they are usually referred, are primarily used for entertainment, such as 
filming and racing [48]. The commercial use of UAVs is a developing industry segment, and the specific uses 
are varied. Commercial UAVs are currently used for the transport of goods, filming and photography, scientific 
research and surveying [49]. The requirements for these commercial vehicles are therefore improved endurance, 
payload, stability and safety. The same requirements that have always been demanded of traditional aviation 
vehicles. 
The commercial use of UAVs continues to rapidly increase, with ever-greater demands for stability, 
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increased payload and safer operations within urban environments. The traditional, high-wing, T-tailplane, 
planform is recognised within the general aviation sector as providing consistent stability and preferable 
handling characteristics. While the traditional planform offers characteristics ideal for operating within urban 
environments, it also offers a mechanically stable platform for camera equipment. The cantilevered monoplane 
has been the preferred planform within the traditional aviation sector, and has sustained on-going performance 
improvements.  
 
         
 
Figure 14 - The conceptual design of the PrandtlPlane UAV, showing (left) an upper side view, and (right) the top 
view. 
 
Research in the traditional aviation sector has diversified to include the blended wing body (BWB) 
type aircraft [50], the very high aspect ratio truss braced wing [51] and multiple non-planar lifting systems. 
These non-planar systems include the box-tail [52], joined-wing [17] and the PrandtlPlane box-wing [12]. The 
PrandtlPlane planform is a non-planer lifting system based on Ludwig Prandtl’s best wing system. The 
PrandtlPlane has received significant recent research, and has shown aerodynamic benefits for vehicles sized 
between ultralight amphibious aircraft [31], and super heavy aircraft larger than the A380 [9]. A UAV adapted 
to use a box-wing planform (Figure 14) may satisfy the increasing requirements of operators. 
 
Analytical Simulation of the UAV Box-wing 
 
The benefits of a PrandtlPlane box-wing applied to a UAV, as compared to a traditional planform, can 
be assessed by deriving the power and thrust requirements for both. In this case we take the AAI Corporation 
Aerosonde as the subject. The data relating to the Aerosonde is featured in Table 1 [53].  
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Table 1 - Relevant specifications of the Aerosonde UAV [53] 
 
Aircraft AAI Corporation Aerosonde “Laima” 
Mass (Max GTOW) 13.5 kg 
Wing Area 0.57m2 
Density of air @ sea 
level 1.226 kg/m
3 
Velocity Range 5-40 ms-1 
Aspect Ratio 14.754 
Zero-lift drag 
Coefficient 0.03 
 
For this study the velocity is varied within the operational range of the aircraft, and for simplicity we 
assume sea level air density. The thrust and power required are calculated, respectively, by:  
 
 𝑇! = 𝐷 = 𝑞!𝑆 𝐶!! + 𝐶!!𝜋𝐴𝑅 1 + 𝛿   (15) 
 
 𝑃! = 𝑇!𝑉!"# (16) 
where q is the dynamic pressure, CDo is the zero-lift drag coefficient, VTAS is the true airspeed, and δ is the 
induced drag factor. For this analysis the drag factor for the conventional planform is δ = -0.029, and δ = -0.32 
for the box-wing configuration.  
The box-wing displays a significant reduction in thrust required for steady, unaccelerated flight. The 
reduction in thrust required is particularly evident at lower speeds (Figure 15), where induced drag is a 
significant contributor to total drag. At greater airspeeds, where parasite drag becomes the significant 
contributor to total drag, the difference between the conventional and box-wing is less significant. 
The box-wing also displays a similar significant reduction in power required. Again, significant power 
reductions are found at lower flight velocities (Figure 16). It is important to note that despite the largest 
reductions in thrust and power occurring at lower flight velocities, there are reductions across the entire speed 
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range. 
  
Figure 15 - Thrust required versus aircraft TAS for 
Aerosonde UAV. 
Figure 16 - Power required versus aircraft TAS for 
Aerosonde UAV. 
 
The General Aviation Box-Wing 
The Cessna 172 
 
Application of the box-wing concept is also possible within the General Aviation (GA) sector of the 
industry. All domestic aviation activities, except for regular public transport (RPT), military, and remotely 
piloted aircraft systems (RPAS) operations, may be considered as part of GA. Within the US domestic 
economy, as of 2011, this sector of the industry contributed at least $150 billion in output [54]. The GA market 
is constituted by an almost uncountable variety of aircraft models, but is dominated by the Cessna C172 
‘Skyhawk’.  
 
Figure 17 - Front and top view of Cessna Model 172S aircraft [55] 
 
The Cessna 172 “Skyhawk” (Figure 17), manufactured by the Cessna Aircraft Company (Textron), is 
the most popular single-engine aircraft in aviation history [56]. The aircraft makes use a high-wing monoplane 
	 27 
planform, and a conventional empennage. The aircraft has capacity for four (1 crew, 3 passengers), a useful 
load of 416 kilograms and a range of approximately 1,185 kilometres. The current model features a six cylinder 
(180kW) Continental engine and a fixed-pitch, 75 in. diameter aluminium propeller [56].  
The C172 is a derivation of the earlier tail-dragger Cessna 170, but with a fixed tricycle undercarriage, 
utilizing streamline fairings for reduced drag [57]. The 170 itself having been developed from the older two-
seat Cessna 140. Production began in 1955, and continued without significant interruption until 1986, when 
stricter US regulation affected the production of most light aircraft [58]. Production recommenced in 1996, after 
the passage of the General Aviation Revitalization Act by the United States Congress.  
 
Analytical Simulation of the Cessna 172 
 
The benefits of the box wing design can be evaluated by comparing the thrust and power requirements 
between a conventional and box wing configuration of the reference aircraft. In this instance we take the Cessna 
172 classic aircraft as the subject. Data relating to the study features in Table 2. 
 
Table 2 - Relevant specifications of the Cessna 172 classic 
 
Aircraft Cessna Model 172 
Mass (Max GTOW) 1,111 kg 
Wing Area 17.2 m2 
Density of air @ 5000ft 0.996 kg/m3 
Velocity Range 25-100 ms-1 
Aspect Ratio 7.32 
Parasite Drag Coefficient 0.02 
 
 
In this analysis we assume a constant weight and altitude at 5000ft above sea level to simulate a 
common cruise flight profile. The velocity variation is in accordance with the aircrafts performance capabilities 
to give an indication on the changes in power and thrust throughout its entire operational flight envelope. The 
thrust and power required is calculated in the normal manner using Equations (15) and (16) which assumes that 
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thrust equals drag for a level and unaccelerated flight profile. The drag factors in this analysis are 𝛿 =  −0.029 
for the conventional configuration and 𝛿 =  −0.32 for the box wing configuration (refer to Figure 11).  
The boxing wing configuration displays a significant reduction in the amount of thrust required for 
steady level flight. The reduction in induced drag is a direct consequence of the reduced drag factor. It is logical 
to assume that significant differences between the conventional and box wing configurations are found at 
velocities where induced drag significantly contributes to the overall aircraft drag. This is evident in Figure 18 
where the majority of the thrust savings between 7 and 28% are found in the lower flight velocities between 25 
and 60ms1. Velocities greater than 60ms-1 display less thrust reduction as drag factor and induced drag becomes 
less influential and parasite drag begins to dominate. 
 
 
Figure 18 - Thrust required versus TAS for Cessna 172 
 
Power required follows similar trends to those found previously for Thrust required. Significant 
reductions in power required are found at the lower flight velocities. It must also be noted that the box wing 
configuration requires less thrust and power across the velocity range thus improving the aircrafts efficiency 
and flight performance.  
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Figure 19 - Power required versus aircraft TAS for Cessna 172 
 
The box wing configuration enhances the aircrafts range by reducing the minimum thrust required for 
level unaccelerated flight by approximately 18%. This is where the maximum lift/drag ratio ((L/D)max) exists. 
The tangent to the power required curve locates the point of minimum thrust required (refer to Figure 19). 
Furthermore aircrafts endurance is also expanded as a result of minimum power reducing by approximately 
25%. This translates to significant fuel savings as thrust, power and fuel consumption are linearly correlated.  
Summary 
 
In summary, this chapter has presented box-wing technology applied to two unique aircraft in the 
RPAS and GA categories. An attempt has been made, through the use of analytical simulation, to show ceteris 
paribus, comparisons with the reference aircraft. The thrust required and power required were derived, and 
results are evaluated against the baselines. In both cases it can be observed that implementation of the 
technology can potentially offer significant improvements in aircraft efficiency. 
The principle design for the box-wing UAV is shown in Figure 14. Using the comparative model, it 
can be shown that there are significant reductions in the thrust required and the power required for steady flight, 
compared with the baseline. The box-wing UAV may also offer handling characteristic ideal for the urban 
environment; however, further simulations are required to establish the stability attributes. Ultimately, the box-
wing offers many advantages; however practical testing will be required to fully establish the practical 
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implementation of the new planform. This will be established in future work with the fabrication and flight-
testing of the aircraft. 
 Implementation of the box-wing technology on a small GA aircraft is also shown, by means of the 
comparative model, to have similar advantages to that of the UAV. Again, both the power and thrust required 
for steady flight are reduced. Improvements in the aerodynamic efficiency of the aircraft, by means of induced 
drag reduction, are associated with reductions in aircraft fuel consumption. The by-product of this reduction in 
fuel consumption is a reduction in aircraft emissions; this will therefore help to improve the environmental 
sustainability in the aviation industry.   
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Chapter 3  
Development of a Reference Aircraft Model Using the Vortex Lattice Method 
 
In order to more fully investigate the application of the Box-wing aircraft configuration within the GA 
sector, the need for an accurate baseline model of the Cessna 172 (C172) within the VLM arises. Development 
of such a model is frequently used in research when evaluating parameterised optimization of a given planform, 
or for comparison between method codes. This chapter presents an explanation of the vortex lattice method 
(VLM), a description of the Tornado implementation of the VLM, and the development of this model of the 
Cessna 172 for use as a baseline model in Chapter 4 of this thesis. Given previous use of the Tornado VLM for 
this purpose, and the claimed validation of the code based on the C172 [59], it was chosen for this research. 
And iterative parametric evaluations was undertaken to develop the model of the Cessna. A set of 
aerodynamics attributes, and approximate vehicle geometry, were derived from available publications. As the 
parametric process was implemented on the existing airframe, it was possible to significantly reduce the 
parametric range. The developed model shows characteristics that match well existing literature, and which was 
ultimately used for Chapter 4.  
As has been previously highlighted, the Cessna 172 is the most successful aircraft in history. Given the 
success and longevity of the aircraft, it has been the subject of a volume of academic research. This has often 
led the C172 being the benchmark for evaluation of the fidelity and accuracy of VLM codes [59]. Despite the 
breadth of research, the fundamental geometric proportions are often over simplified or significantly 
misrepresented. Additionally, the specific geometry used to validate the Tornado VLM is not available in the 
currently published version of the code.  
The vortex lattice method (VLM) is a relatively simple numerical method, within computational fluid 
dynamics, for the calculation of aircraft aerodynamic characteristics. Aerodynamic characteristics calculated 
using implementations of the VLM are considered reasonably accurate to the extent that the underlying theory 
allows. Though theoretical limitations do exist, as will be highlighted, these have been significantly reduced 
since Richardson’s original work [60]. Such improvements have led to numerical implementations capable of 
analysing complex planar & non-planar configurations, supersonic flow, and nonzero thickness lifting surfaces.  
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Vortex Lattice Method 
 
The traditional vortex lattice method, as with the panel method (PM), is based upon the concept of 
potential flow theory, and the solution of the Laplace equation, that is, 
 ∇!Φ = 0 , (17) 
 
where Φ is the velocity potential, and where ∇2 is the Laplacian.  
The Laplace Equation implies the flow must be incompressible, inviscid and irrotational [61]. This 
additionally constrains the applicability of the method to low Mach situations (>0.3 Mach) at low angles of 
attack, and insignificant sideslip. 
A given three-dimensional lifting surface will first be defined by quadrilateral panels (lattice), as 
shown in Figure 20. These panels will each have a single horseshoe vortex superimpose. In this approach, a 
finite number of horseshoe vortices are taken to sufficiently approximate the continuous distribution of bound 
vorticity over the surface [62]. 
 
 
Figure 20 - Panel distribution representing a lifting surface and a superimposed horseshoe vortex 
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A filament of the horseshoe vortex is bound at the quarter-chord line of each panel, aligned with the 
local sweepback angle [61]. The remaining two horseshoe vortex filaments are shed downstream from the sides 
of the panel, as straight trailing edge vortices, extending in the free-stream direction to infinity. As Equation 
(12) does not totally expound the flow, it is necessary to specify the boundary conditions for the problem. In 
order to achieve this a control point with a zero-penetration condition is applied at the ¾ chord position (3c/4), 
and equidistant from the trailing vortices or, 
 𝑉 ∙ 𝑛 = 0 , (18) 
where 𝑛 represents the wings local surface normal vector. 
The condition of Equation (18) is satisfied for each horseshoe vortex by requiring that the fluid free-
stream match the angle of attack at the control point. As Equation (17) defines the aerodynamic domain, the 
stagnation point will be placed at the trailing edge, so as to satisfy the Kutta Condition. The bound vortex 
filament of a given panel, whose strength (Γ) constitutes the individual lifting characteristic, induces a flow at 
the control point at distance r (relative to ¾ chord length) with a velocity given by,  
𝑈 = Γ2𝜋𝑟  . (19) 
The induced effect of a finite section of a vortex filament (vortex segment), at a given point in 
the flow field, is defined by the law of Biot & Savart: 
 
 
𝑑𝑉 = Γ!(𝑑𝑙 × 𝑟)4𝜋𝑟!   , (20) 
where 𝑑𝑉 is the velocity inducted by a given vortex filament of strength Γ and length 𝑑𝑙 . 
The induced flow field of a given panel is not alone a function of that panel; it is a function of all the 
panels that compose the wing inducing a flow on each other. Thus, an equation is created for each panel that is 
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a linear sequence of the results of the strength (Γ) of all panels. This can be accounted for by creating a system 
of linear equations, that accounts for the induced coefficient (w) of flow from any panel through any panel, 
given,  𝑏!⋮𝑏! = 𝑤!! … 𝑤!!⋮ ⋱  𝑤!!  𝑤!! ∙  Γ!⋮Γ!   , (21) 
and where 𝑏 is the flow through each panel due to the flight conditions.  
The induced coefficient (w) being calculated for a planar wing by application of Equation (20) along 
the component vortex filaments.  
The strength of the vortex having been determined for a given panel n, by ensuring a tangential flow at 
the control point, it is now possible to calculate lift. By application of the Kutta-Joukovski Theorem, the 
specific lifting force of a panel is derived,  
 𝐿! =  𝜌!𝑣!Γ! . (22) 
The sum of all lift forces of each discrete panels being the total wing lift,  
𝐿 =  𝐿!!!!!  (23) 
where 𝑁 is the total number of discrete panels.  
Having calculated the total lift force, and the strength of the wing loading now being known, it is now 
possible to calculate the downwash velocity induced on a given panel and the drag induced. The first 
requirement is to compute the rearward deflection of the lift vector, which results from the lift. The induced 
flow angle (αi) being the measure of the rearward deflection is calculated by [63], 
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𝛼! = − 18𝜋 𝐶!𝑐𝑦 − 𝜂 !!!! 𝑑𝜂 . (24) 
where the lift coefficient is derived in, 
𝐶! =  2𝐿𝜌𝑣!𝑆 . (25) 
This allows for the disparity between the free-stream and the local flow angle to be derived. Having 
found the induced flow angle, it is now possible to find the lift-induced drag, by means of the integral [64], 
𝐶!! = !!! 𝐶!𝑐!!! 𝛼!𝑑 . (26) 
It is then possible to derive a pitching moment, based upon a given panels distance rear of a given 
reference datum. By summing the moments of each panel lift, multiplied by the moment arm (most usually 
from the wing root leading edge, to the bound vortex filament), the total wing pitch moment is found.  
Tornado VLM is a linear aerodynamic application of the vortex lattice method, implemented in 
MATLAB. Original development of the code was conducted by Tomas Melin, as part of a masters thesis [59], 
based upon the earlier work of Moran [65]. A part of the initial motivation of developing a new VLM 
implementation was that such a code might be capable of deriving aerodynamic characteristics in real-time. 
Such a code could have application for simulators. Tornado is based on the same underlying theory as the 
classical VLM model, however the implementation differs in several significant ways. Additionally, recent 
work has allowed Tornado to overcome certain theoretical limitation.  
Geometric definition is significantly different in Tornado, as compared to the classical VLM. The 
geometric definition of surfaces is three-dimensional and can additionally model multiple wings. Planform 
definition within Tornado can model twist, sweep, dihedral and the existence of multiple control surfaces [66]. 
Additionally, each wing can be modelled with multiple sections, each with independent geometric 
characteristics.  
As with other more recent VLM implementations [67], Tornado is able to deal with cambered surfaces. 
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In order to maintain compliance with the underlying theory, the wing is still treated as planar. Tornado then 
makes use of the thin wing approximation, by shifting the boundary condition, of a given panel, normal to the 
camber of the surface, as depicted in Figure 21.  
 
 
Figure 21 - Camber approximation utilised by Tornado 
 
The meshing of the surface lattice within Tornado, and more specifically the handling of trailing edge 
control surfaces, significantly departs from that of the classical VLM. Most notably Tornado makes use of 
vortex-slings, where the traditional method uses horseshoe vortices. Representation of a surface defined by 
quadrilateral panel (lattice) is still conducted as in earlier variant of the method [65]. However, now the bound 
entity is a vortex sling, rather than a horseshoe vortex.  
Three vortex filaments define the horseshoe vortex, as previously outlined. Those being a single 
filament bound at the quarter-chord line, and two filaments at either side of the panel extending to infinity, as 
represented in Figure 20. The vortex-sling is composed of up to seven filaments, arranged in a horseshoe-esque 
manner, as depicted in Figure 22. The maximum number of filaments for a vortex-sling will occur when a 
deflecting control surface is located downstream of a panel. A filament will still be bound at the ¼ chord 
position, and two filaments extend along either side of the panel to the hinge-line (if one exists). Two additional 
filaments extend from the hinge line positions defined by the previous two filaments, along the sides of the 
hinged surface, to the trailing edge. A final two filaments then extend from the trailing edge position 
downstream to infinity [59].  
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Figure 22 - Vortex sling arrangement of bound horseshoe vortex 
 
Development of the Model 
Aircraft Design Definition 
 
The design requirements of the VLM representation of the C172 is drawn from two main sources; the 
work of Melin [68], and the limited technical data available from Cessna [69]. Research data is also included as 
secondary sources. The primary target derivatives, presented in Table 3, are those of lift and drag. The drag 
figures from all sources, except those from Cessna, are significantly lower, as would be anticipated as the 
method is not able to calculate parasite drag.  
 
Table 3 - Primary Aerodynamic Data for C172 [59, 69] 
Characteristic Data [69] Data [59] 
CL 0.386 0.386 
CD 0.042 0.006 
CL,α 4.41 5.27 
CD,α 0.182 0.17 
 
A typical light single-engine aircraft, with a fixed undercarriage, will have a significant portion of its 
total drag resulting from parasite drag. The approximate parasite drag coefficient (CDp) for such an aircraft is 
estimated by Torenbeek to be between 0.025 and 0.040 [70]. Hoerner presents a more accurate calculation of 
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the drag coefficient of the Cessna 170 as being 0.029 [71]. The acceptable range for the inducted drag 
coefficient is therefore 0.006 and 0.013.  
Detailed geometric data for the C172 is less available than is stability derivative data. The data 
available, presented in Table 4, is compiled from multiple sources. The main wing primarily makes use of a 
NACA2412 aerofoil section. The tip of the main wing on early aircraft used a symmetrical NACA0012 section. 
Later, Cessna began using an unspecified modification of the NACA2412 for the tip [72]. As data for this 
aerofoil profile is unavailable for the modern aircraft, the earlier tip profile is used.  
 
 
Table 4 - Cessna 172 Data [70, 72, 73] 
Aerofoil Span Area 
Root 
Chord 
Tip 
Chord 
Dihedral 
(Γ) 
Incidence 
(iroot) 
Washout 
(φ) 
Sweep 
(Λc/4) 
Taper 
(λ) 
Aspect 
(AR) 
NACA2412  11.0m 16.2m 1.63m 1.13m 1.73° 1.5° -3.0° 0 0.672 7.52 
 
The flight conditions for this work are based upon those specified by Melin [59] and Gudmundsson 
[73]. The True Airspeed (TAS) is taken as being 54.54m/s, at a cruising altitude of 1500m, and angle of attack 
of 4.9°.  
 
Convergence Study 
 
Calculation of aerodynamic characteristics by vortex lattice method is by summation of the forces 
from multiple individual panels, representing the surface geometry. The number of panels from which forces 
are taken has a significant effect on the accuracy of the model. If the number of panels is too low, the nature of 
the lifting surface will not be accurately captured by the method. Additionally, if the number of panels used is 
too large, the computational power and time required will be greatly increased.  
To ensure that final outputs are accurate and proper, a panel variation study was performed. The 
appropriate number of panels was determined based upon a linear distribution for both the spanwise and 
chordwise panels. As no explicit geometry was initially available, this was conducted on a generalised 
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NACA2412 profile, with a chord of 1.63m and a span of 11m.  
The cessation level for coefficient change was defined as 0.25%. The resulting panel count was 108, 
with six spanwise panels and nine chordwise panels. A lower cessation level was attempted, however this 
resulted in a significant increase in both panels and processing time. The record is presented in Figure 23. 
 
 
Figure 23 - Convergence of lift and drag coefficients for increasing mesh density 
 
Parametric Analysis 
 
In order to produce the model of the C172, an iterative parametric evaluation was undertaken. Given 
sets of aerodynamic characteristics were assumed optimal, and the lifting system was optimized, within a 
relatively known geometry, to achieve these characteristics. For the purpose of this analysis, those 
characteristics are the system lift, drag (induced), the coefficient of lift & the coefficient of induced drag. As 
this process was implemented on an existing airframe, it was possible to significantly reduce the parametric 
range, and preselect the aerofoil geometry. This produced a secondary set of characteristic data points, based on 
the known geometry, as derived from previous publications [70, 72, 73]. 
It was possible to further constrain the parametric ranges by assuming simplifications of geometry. In 
all cases, transitions are assumed to be linear. For example, the wing twist, root to tip, is taken to be linear. 
Where data is specifically unavailable for a given section, data ranges were defined based on known 
information of derivative aircraft. 
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Figure 24 - Aircraft iterative design procedure adapted from Torenbeek [70] 
 
The parametric analysis followed a modification of the iterative design procedure outlined by 
Torenbeek [70], and illustrated in Figure 24. The primary modification from the methodology specified was the 
removal of option for change to design configuration. The convergence test remained part of the design process, 
to allow for the possibility that an exact analogue could not be found. Convergence threshold was set to within 
5% figures, or the defined range.  
Within the simulation, the aircraft was divided into the smaller aerodynamic components; those being 
the main wing, the vertical stabiliser, and the horizontal stabiliser. In the case of the main wing, it was further 
broken down to allow for a more accurate simulation of the northern geometry divided into the primary smaller 
aerodynamic components. This was done to allow for individual aircraft parts to be described in more useful 
parameters. In the case of the main wing, it was further broken down to allow for a more accurate simulation of 
the more complex geometry. Whilst breaking down the aircraft into components, the interdependencies between 
components were maintained.  
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Developed Model 
The results of the parametric analysis showed a positive relationship to both the previously published 
research and that of Cessna [68, 69]. Figure 25 shows the results of all 38 iterations of the aircraft model. Both 
the lift coefficient and drag coefficient are within the defined tolerance and range, respectively.  
 
 
 
Figure 25 - Induced Drag and Lift Coefficients from Iterative Design Process 
 
The initial results of the parametric analysis showed aerodynamic coefficients significantly in excess of 
those expected. This was primarily due to a misconfiguration of the angle of attack, resulting in the geometry of 
the model being inclined upward by an additional 1.5 degrees. Once this error was identified both the lift and 
drag figures were significantly reduced towards the expected tolerance and range.  
The main wing of the model, being that it is the primary source of both lift and induced drag, was the first 
part of the airframe to be analysed. The main surface was first set as a single untapered, unswept, zero degree 
dihedral surface, with a constant NACA2412 profile. The surface was then divided into two partitions, 
representing the untapered inboard section and the tapered outboard section. The surface was, as greater 
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geometric complexity become necessary, further divided. The final model used four partitions representing the 
cabin portion, the untapered inboard portion, the tapered outboard, and the tip.  
The wingspan of the C172 is 11meters, however this suggests that the portion of the wing that connects to 
the cabin is part of the lift producing structure. To address this a partition was added at the inboard, with a 
flatplate section that was inclined at total angle of attack. The washout (φ), which is taken to be linear, proceeds 
only from the inboard edge of the second partition. However, this allowed and error to form, wherein variation 
of the span of a given section resulted in a non-linear washout, when not manually adjusted. This error was 
identified and corrected at iteration 24.  
The wingtip aerofoil profile of the main wing of the current generation of the C172 being unavailable, the 
model utilises the earlier symmetrical NACA0012 section. The transition from primary airfoil section to tip 
section for the C172 is not available; multiple iterations of the outboard and tip section transitions were 
attempted. The main wing is, as specified in existing literature, not withstanding the previous discussion of the 
cabin portion, modeled using the NACA2412 profile. In earlier iterations this is taken as a linear transitions, as 
defined by the internal Tornado geometry generation. The more complex iterations have an independent 
partition for the tip, which is entirely represented as a symmetrical NACA0012 section.  
The main geometric features of the individual partitions of the final iteration are shown in Table 5. The 
result is a wing with a span of 11.1 meters, with a dihedral angle of 1.73 degrees, a washout angle of 3 degrees, 
and a taper ratio of 0.672. The aspect ratio is 7.47, with total wing area of 1.62m2.  
 
Table 5 - VLM Cessna Model Geometric Data 
Partition Aerofoil Half Span 
Dihedral 
(Γ) 
Incidence 
(iroot) 
Incidence 
(itip) 
Washout 
(φ) 
Taper 
(λ) 
1 Flat plate 0.5m 1.73° -4.9° -4.9° 0° 1 
2 NACA2412 1.9m 1.73° 0° -1.14° -1.14° 1 
3 NACA2412 3.0m 1.73° -1.14° -3.0° -1.86° 0.69 
4 NACA0012 0.15m -45° -3.0° -3.0° 0° 0.69 
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Table 6 presents the results of the final iteration of the analysis with the results of previous publications. 
The coefficient of lift produced by the final iteration is within the predefined 5% range. When observing the 
difference between the figures provided by VLM simulations and the flight test data, the parasite drag 
coefficient (CDp) must be considered. Torenbeek [70] estimates that a typical light single-engine aircraft, with a 
fixed undercarriage, will have parasite drag coefficient between 0.025 and 0.040. The coefficient of induced 
drag (CDi), which is the primary representation of drag derived from the VLM, is within the 0.006-0.013 range 
defined by Hoerner [71].  
Table 6 - Results from present work, Melin and Cessna 
Characteristic Cessna [69] Melin [59] Results [59] 
CL 0.386 0.386 0.387 
CD 0.042 0.006 0.008 
CL,α 4.41 5.27 5.13 
CD,α 0.18 0.17 0.15 
 
Summary 
The purpose of this chapter was to create an accurate baseline model of the Cessna 172. This was 
necessary as the fundamental geometric proportions previously used in research were not sufficiently accurate. 
In order to create the model, an iterative design procedure has been implemented within the Tornado VLM. The 
final geometry generated, whilst being suitable for use as a baseline model in future research, is likely to 
contain errors. The manufacturer does not directly publish the geometric proportions of the C172, and so it was 
necessary to use some data from derivative aircraft.  
The iterative parametric evaluation was able to, within a defined margins of error, represent the 
aerodynamic characteristics of the relatively known geometry. Whilst it was possible to reduce the parametric 
range using available data, it was necessary to review inputs to Tornado carefully. Inaccurate input of the initial 
geometry resulted in a misconfiguration of the angle of attack, resulting in an excessive upwards inclination. 
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Ensuring correct inclination of the geometry was therefore of paramount importance. The importance of 
ensuring accurate inclination was again observed with the linear washout issue identified and corrected at 
iteration 24; changes to the individual partition spans resulted in a non-linear washout, and therefore, inaccurate 
inclination.  
Ensuring accurate surface area, in particular through taper, was also of importance. As with the 
washout, the taper of the wings is available; however, the implementation is not. Therefore, it was necessary to 
interpret the implementation of the taper as a function of the surface area that resulted. For example, when the 
taper ratio was over reduced in iteration three, the result was a significant deviation of the aerodynamic 
characteristics.  
The geometry of the final iteration lacks a representation of the aircraft fuselage, and does not have a 
direct simulation of the non-lift dependent components of drag. Despite these limitations it can be observed that 
the coefficients of both lift and induced drag converge onto the previously published values. Whilst not 
represented as a simulated surface, the fuselage is partially accounted for by the inclination and profile of the 
inboard partition of the main wing.  
The use of the vortex lattice method, or specifically Tornado, also introduces potential errors into the 
analysis. The VLM calculates the induced drag of the system, and is not directly capable of calculating the total 
drag. Despite possible limitation of the current work, the results of this analysis match well with the previously 
published results. The final iteration is shown in Figure 26. 
 
Figure 26 - Final VLM model of the Cessna 172  
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Chapter 4  
Parametric Investigation of a General Aviation Box-Wing Aircraft Using VLM 
 
In order to fully explore the fundamental aerodynamic factors affecting the box-wing, as well as the 
potential for improving the efficiency of a small GA aircraft, a parametric investigation is next conducted. To 
conduct this investigation a developed model from the previous chapter, and the fundamental principles from 
chapter one, are utilised. The parametric analysis is carried out using the Tornado implementation of the vortex 
lattice method (VLM), based upon the previously explored Cessna 172 airframe, and using a comparative 
model for analysis. 
To gain an understanding of the impact of changes in the principle geometric parameters that 
characterise the box-wing, the primary aerodynamics characteristics of lift and drag are focussed upon. The 
parameters for variations are the height to span ratio (h/b), stagger and decalage. The h/b ratio (vertical gap) of 
a box-wing is the vertical displacement of the primary lifting surfaces from one another, taken from the leading 
edges. The stagger is the longitudinal distance, in the streamwise direction, of the wings. Decalage, which in 
this context refers to biplane decalage, refers to the differential between the angles of attack (AoA) of the lifting 
surfaces. These characteristics are further discussed in Chapter 1. As this comparison is a ceteris paribus 
comparison with the C172, the effect of variations in aspect ratio, dihedral and thickness were not considered. 
 
Implementation 
 
For this analysis, the Tornado Vortex Latttice Method [59] was selected. As has been previously 
highlighted, Tornado is a linear application of the VLM, executed in MATLAB. A primary reason for the use of 
Tornado is the capability to model multiple wings. Planform definition within Tornado can model twist, sweep, 
dihedral and the existence of multiple control surfaces [66]. Additionally, each wing can be modelled with 
multiple sections, each with independent geometric characteristics.  
The baseline model for comparison is a Cessna 172 ‘Skyhawk’, modeled within the Tornado 
environment. Manufactured by the Cessna Aircraft Company (Textron), the C172 is the most popular single-
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engine aircraft ever produced. At least 44,000 examples have been thus far manufactured [72]. The VLM model 
of the C172 utilizes a primary NACA2412 aerofoil section, transitioning to a symmetrical NACA0012 aerofoil 
at the tip. Greater detail is provided in Table 4. The flight state for the C172 is a True Airspeed (TAS) of 
54.54m/s at an altitude of 1500m, and angle of attack of 4.9° to represent a cruise flight condition at a stead 
level state [59]. 
The reference wing for the analysis is kept constant at 16.2m2 for all cases, with identical geometries, 
based upon the baseline, for both wings. By this mean, in agreement with Equation (14), the aspect ratio of the 
system is constant, and equal to the baseline model. This is regarded as an important geometrical aspect to 
remain constant as aspect ratio highly influences the amount of induced drag that is created (refer to Equation 
(22)).  
The h/b ratio of the system is constrained by the existing airframe of the aircraft, and varied within the 
range specified in Table 7. This range is based upon the existing literature [74, 75], but limited at the upper 
extreme. This results in a vertical stagger range, based upon the reference aircrafts wingspan, of between 1.11-
2.22 metres, with a 50% iteration.   
Table 7 - Test matrix for parametric analysis 
Parameter Values 
Vertical Separation {0.1h/b;0.15h/b; 0.2h/b} 
Horizontal Stagger {0%;100%;200%;300%;400%} 
Decalage {0°;-2°;-4°;- 6°} 
Aspect Ratio fixed 
 
The decalage between the wings is constrained within a parametric range, based wholly upon existing 
literature [76], and specified in Table 7. As discussed in Chapter 1, decalage affects the circulation between the 
wings, and can be used to equalise the lift differential that results from the mutual repulsive force between the 
surfaces.  
Notwithstanding Munk’s stagger theorem, the present parametric analysis includes a stagger 
component. A stagger between the wings of a box-wing implemented to the general airframe of the C172 
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would likely be necessary, due to the means of accessing the cabin. Additionally, due to the existing high-wing 
setup, a negative stagger is preferable.  
The flight state for evaluation of all box-wing models is kept as per the baseline, but with variation of 
angle of attack to achieve equal lift. Tornado is able to internally evaluate the alpha required to achieve given 
lift, and by application calculate the other aerodynamic forces that result.   
 
Box-wing Drag Analysis 
 
A parametric analysis, based upon Table 7, was conducted in the Tornado VLM. The results of 
variation in the primary characteristics are next presented.  
An overview of the effect on the induced drag coefficient, with variation of the h/b ratio, at 0% 
stagger, is shown in Figure 27. A common trend at all angles of attack is the reduction of induced drag with 
increasing h/b ratio. This suggests that the fluid interaction between the top and bottom wings reduce and 
results in a drag reduction. It is also evident that the reduction in drag is less aggressing with reducing decalage 
angles with -4 and -6 degrees decalage showing a reduced linear gradient. The effect of h/b ratio seems to be 
coupled with angle of attack with the more significant drag reductions at lower angles of attack when h/b 
increases. It is unclear if this effect is universal with different airfoils or wing planforms however for a 
rectangular wing utilising a cambered aerofoils the assumption of reduced drag with increasing h/b ratio could 
be made.  
At 0° decalage the corresponding lift coefficient is CL = 0.378 at this condition the h/b ratio is 
increased by 50% from the base 0.1h/b to 0.15. In this instance, the coefficient of drag drops 5% to CDi=0.056. 
A doubling of the h/b ratio resulted in a drop of approximately 9% and represents the greatest drag reduction 
through the range tested. An angle of attack of -2 degrees displayed similar results with smaller drag reductions 
found with greater angles of attack. 
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Figure 27 - CDi with variation in the h/b ratio with decalage, for the orthogonal stagger configuration 
 
The effect of increasing decalage on induced drag of the system, at constant lift, for each of the gap 
variations, is shown in Figure 28. It can be observed that a non-linear response is formed at the 3 h/b ratios 
computer. As the decalage is decreased, the drag coefficient trends towards a minimum before increasing 
thereafter. This initial finding suggests that an optimum decalage angle exists for each h/b ratio and can be 
found through an iterative optimization process. Through graphical means, Figure 28 displays greater 
reductions in drag for lower h/b ratios for decalage angles lower than -6 degrees. As the h/b ratios increase, the 
optimum decalage angle increases as shown most obviously in the data trend for h/b = 0.2 where the optimum 
decalage angle is approximately located between -3 and -4 degrees decalage.  
 
 
Figure 28 - CDi with variation in the decalage angle with h/b ratio, the orthogonal stagger configuration 
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As the angle of attack of the upper wing decreases relative to the lower wing, lift is greater between 
both upper and lower wings however the amount of lift is unequal. This results in two individual circulation 
strengths from the bound vortices created by each wing system. The flow circulation between the two wings is 
assumed to be interacting and interrupting with each other resulting in a lower total flow circulation and thus 
reducing the induced drag. The equalisation of lift between the wings results in a reduction in the induced drag. 
Beyond equalisation, in order for the system to produce equal lift, the lower wing is required to produce 
disproportionately.  
At an h/b ratio of 0.2, with CL = 0.378, increasing the decalage angle to negative 4 degrees, from zero 
degrees, results in reduction in the coefficient of 5.3%. However, a further increase of negative two degrees, to 
negative 6 degrees of decalage, results in an increase of 2.9%.  
The effect of staggering the horizontal location of the wings, at constant lift, for the h/b ratio 
variations, is displayed in Figure 29.  
 
 
Figure 29 - CDi with variation in wing stagger with h/b ratios, for the -6 degrees decalage configuration 
 
As would be expected, given Munk’s stagger theorem [11], the streamwise location of the wing has 
little effect of the induced drag of the system however small reduction in drag can be seen. The minor 
difference in the induced drag, for any variation, is within ±0.6% and could fall within the margin of error of 
the VLM computation. 
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The geometric configurations that resulted in the greatest aerodynamic improvement was: 
- h/b ratio = 0.2 
- decalage = -6° 
- stagger = 0 
 
The lattice generated by Tornado for this configuration is shown in Figure 30. The coefficient of drag 
of this configuration, in comparison to that of the baseline aircraft, is reduced by 27.3%.  
Looking at the power requirement for both the traditional and new aircraft, the advantages of the box-
wing configuration can be assessed. The total drag coefficient of the new aircraft is taken to have reduced 
proportionally. For the conventional configuration CD=0.042, and CD=0.04 for the box-wing. This assumes no 
alterations in other drag factors, or potential changes in weight. Using the previously specified flight condition, 
and assuming that trust is equal to drag for level unaccelarated flight, and power required can be calculated by 
the normal means (27) and (16). 
 
 𝑇! = 𝐷 = 𝐶! 𝜌𝑉!2 𝑆 (27) 
 
The box-wing configuration represents a 4.76% reduction in the power required for steady flight. As 
thrust, power and fuel consumptions are linearly correlated; this would also constitute a reduction in fuel 
consumption. 
 
 
Figure 30 - Box-wing model generated in Tornado 
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Summary  
 
The implementation of a box wing system to a widely known and used Cessna aircraft may hold key in 
reducing emission and lead exposure of similar aircraft types. Using the Vortex Lattice method, we are able to 
determine the effects of the box wing and evaluate the connection between drag and the geometric changes the 
box wing configuration allows (h/b, decalage and stagger). It is clear that the coupling between each geometric 
change exists, however there is little influence on negative stagger relative to the wings chord. It is clear that a 
decreasing linear trend for drag for increasing h/b ratios was consistent throughout the tested range. Decalage 
angle seems to have a non-linear response to h/b ratio thus resulting in an optimum decalage angle per h/b ratio. 
The link between h/b and decalage should be further examined to understand and derive an equation that allows 
the optimum decalage angle to be parametrically determined. Although induced drag is assessed here as the 
primary focus, there are other influences that may have an effect on the flow and the circulation of the flow that 
is not captured by the VLM. It is unclear how VLM treats mating surfaces and if the flow is accurately 
represented at the wingtip and vertical member junction. It is also unclear how this interference augments the 
induced and parasite drag generated in the immediate area. Normal VLM simulations have a junction between 
wings and fuselage at the center junction, however we can assume little or no lateral flow vector as the flow 
will be close to the 2D flow case for high aspect ratio wings. This is not the case at the wing tips and the flow is 
highly three dimensional with strong circulation and flow vectored in all orthogonal directions. A cross 
comparison of key findings using CFD or validation with experiments may uncover some error and 
complexities of modelling this type of flow. Although there are some uncertainties in analyzing this 
configuration using VLM, the results presented in this paper does correspond well with the existing literature 
with similar drag reductions and trends [9, 76]. When considering full-configuration, improvements may be 
more modest.  
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Conclusion 
 
Continued expansion of the aviation industry requires a constant push for improved aircraft efficiency, 
both for economic and environmental reasons. The conventional airframe configuration appears to be reaching 
an efficiency limit [6]. Some future efficiency improvements are likely to come from new engine and aircraft 
material technologies. The use of non-conventional and innovative aircraft technologies will be part of the 
solution. This work has presented the box-wing lifting systems as a potential option. Working from 
fundamental principles, the work shows the benefits of the box-wing configuration. Previous research into the 
benefits of the box-wing has focussed on large, transport aircraft; this research has alternatively taken example 
aircraft of smaller scale. 
Described throughout this work are the various points of interest of the box-wing planform; 
specifically that its utilisation will offer critical decreases in fuel consumption, in this way enhancing the 
economics of the industry. Reductions in fuel consumption will also directly improve environmental 
sustainability in the aviation industry.  
Through the use of analytical simulation, and vortex lattice code, the fundamental aerodynamic 
characteristics of the box-wing have been established. The thrust and power required for the various models 
were derived, and results are evaluated against baseline traditional planforms. Using comparative models, it can 
be shown that there are fair reductions in the thrust required and the power required for steady flight, compared 
with the baselines. 
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